Background-We tested the hypothesis that genetic variation in thrombotic and inflammatory pathways is independently associated with long-term mortality after coronary artery bypass graft (CABG) surgery. Methods and Results-Two separate cohorts of patients undergoing CABG surgery at a single institution were examined, and all-cause mortality between 30 days and 5 years after the index CABG was ascertained from the National Death Index. In a discovery cohort of 1018 patients, a panel of 90 single-nucleotide polymorphisms (SNPs) in 49 candidate genes was tested with Cox proportional hazard models to identify clinical and genomic multivariate predictors of incident death. After adjustment for multiple comparisons and clinical predictors of mortality, the homozygote minor allele of a common variant in the thrombomodulin (THBD) gene (rs1042579) was independently associated with significantly increased risk of all-cause mortality (hazard ratio, 2.26; 95% CI, 1.31 to 3.92; Pϭ0.003). Six tag SNPs in the THBD gene, 1 of which (rs3176123) in complete linkage disequilibrium with rs1042579, were then assessed in an independent validation cohort of 930 patients. After multivariate adjustment for the clinical predictors identified in the discovery cohort and multiple testing, the homozygote minor allele of rs3176123 independently predicted all-cause mortality (hazard ratio, 3.6; 95% CI, 1.67 to 7.78; Pϭ0.001). Conclusions-In 2 independent cardiac surgery cohorts, linked common allelic variants in the THBD gene are independently associated with increased long-term mortality risk after CABG and significantly improve the classification ability of traditional postoperative mortality prediction models. (Circulation. 2011;124[suppl 1]:S143-S148.)
S
everal risk stratification tools have been developed to estimate the perioperative mortality risk for patients undergoing coronary artery bypass graft (CABG) surgery. The most widely used of these instruments, the European System for Cardiac Operative Risk Evaluation (Euro-SCORE), has been validated for both short-and long-term morbidity and mortality. [1] [2] [3] Population-based instruments, however, remain limited in their ability to predict death for specific individuals. Although coronary artery disease, myocardial infarction, and cardiovascular mortality all have been shown to be heritable conditions in ambulatory populationbased cohorts, 4 evidence for a genetic basis of increased mortality after surgical myocardial revascularization remains limited. [5] [6] [7] We therefore used 2 prospectively enrolled cohorts of patients undergoing CABG with cardiopulmonary bypass (CPB) to test the coupled hypotheses that specific DNA sequence variants in candidate genes involved in inflammation, thrombosis, and endothelial dysfunction are independently associated with postoperative long-term mortality and improve the predictive ability of the logistic EuroSCORE.
Methods
The study design and reporting of the results follows the recently published STREGA (Strengthening the Reporting of Genetic Association Studies) recommendations. 8 
Description of Study Cohorts
Patients enrolled in this study were participants in the PEGASUS (Perioperative Genetics and Safety Outcomes Study), an ongoing Institutional Review Board-approved prospective longitudinal study at Duke University Medical Center, and provided informed consent. The present substudy targeted 2 separate cohorts of patients undergoing CABG surgery using CPB after 1989 in whom longitudinal follow-up was conducted through the Duke Clinical Research Institute. Patients were excluded from enrollment in PEGASUS if they had a history of renal failure, active liver disease, bleeding disorders, autoimmune diseases, or immunosuppressive therapy. A standardized fentanyl/isoflurane anesthetic was administered to all patients. Perfusion support consisted of nonpulsatile CPB (30°C to 32°C), crystalloid prime, pump flow rates Ͼ2.4 L/min per m 2 , cold blood cardioplegia, ␣-stat blood gas management, serial hematocrit levels Ն0.18 while on CPB, and activated clotting times Ͼ450 seconds. All patients received antifibrinolytic infusions with either aprotinin or aminocaproic acid.
Data Collection and End Point Definition
Data regarding patient demographics, preoperative comorbidities, medications, intraoperative variables, and postoperative outcomes were collected and curated during the index hospitalization through the Duke Information System for Cardiovascular Care, an integral part of the Duke Databank for Cardiovascular Diseases. Longitudinal follow-up for patients from both the discovery and the validation cohorts was conducted by the Duke Clinical Research Institute Follow-up Services Group, which is responsible for collecting annual follow-up data on death and nonfatal end points for the Duke Databank for Cardiovascular Diseases. The annual surveys collect data on general health, hospitalizations, myocardial infarction, stroke, cardiac problems, and medication use. Patients are surveyed 6 months after the index procedure and yearly thereafter by means of a mailed, self-administered questionnaire; nonresponders are surveyed by telephone. The rate of response is 95% for mortality data, and there is an annual search of the National Death Index for patients who are lost to follow-up (2%) or who have asked to be withdrawn (3%). Information on death is collected through interview with next of kin, reviews of hospital discharge summaries, death certificates, and the National Death Index. For the purposes of this analysis, long-term mortality is defined as all-cause death occurring Ͼ30 days and up to 5 years after the index CABG surgery. Exclusion of early (30-day) mortality from analyses is justified by the known differences between early and late death hazard functions after CABG surgery.
The discovery cohort comprised 1822 ethnically diverse subjects who underwent CABG with CPB at Duke University Medical Center between 1989 and 2002. For patients who underwent Ͼ1 surgery within that period, only data from the first surgery were included. Subjects were excluded if genotypes or phenotypic data were missing (nϭ250) or censored if they died within the first 30 postoperative days (nϭ52) or later than 5 years postoperatively (nϭ502), yielding 1018 patients who met eligibility criteria and were included in the analysis. The validation cohort included 951 subjects of self-reported European ancestry who underwent CABG with CPB at Duke University Medical Center between 1985 and 2007. Of those, 21 lacked genotype or phenotypic data, yielding 930 patients for analysis.
Candidate Genes and Polymorphism Selection
Forty-nine candidate genes involved in inflammation, thrombosis, and endothelial dysfunction were selected a priori on the basis of systematic review of the literature, previous gene expression studies, 9,10 and expert opinion. Single-nucleotide polymorphism (SNP) selection was based on the SeattleSNPs Variation Discovery Resource (http://pga.gs.washington.edu) using data for subjects of European descent. Ninety-six SNPs were selected in these candidate genes, with an emphasis on common (minor allele frequency Ͼ5%) and functionally important variants, and genotyped in the discovery cohort. A list of the candidate genes and polymorphism studied is provided in online-only Data Supplement Table 1 .
In the validation cohort, we took advantage of all tag SNPs represented on the Illumina Human610-Quad BeadChip (Illumina, Inc; San Diego, CA) located in candidate genes demonstrating significance in the discovery cohort. These were tested in the replication cohort to more completely capture common allelic variation in the respective genes. A list of the SNPs examined in the validation cohort is provided in online-only Data Supplement Table 2 .
Genotype Analysis
Genomic DNA was isolated from whole blood using standard procedures. In the discovery cohort, genotyping was performed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry on a Sequenom system (Sequenom; San Diego, CA) at a core facility (Agencourt Bioscience Corporation; Beverly, MA). Primers used and polymorphism details can be found in online-only Data Supplement Table 3 . Sequenom raw data were analyzed with SpectroTyper 3.1 software (Sequenom), with spectra and cluster plots checked by visual inspection of intensity plots and manual curation of genotype calls. Genotyping accuracy was validated at Ͼ99% by scoring a panel of 6 SNPs in 100 randomly selected patients using an ABI 3700 capillary sequencer (Applied Biosystems; Foster City, CA).
Patients in the validation cohort were genotyped using the Human610-Quad BeadChip at the Duke Genomic Analysis Facility. Analysis of the Illumina raw data was done with the Illumina BeadStudio GenCall 6.3.0 using a low GenCall score cutoff of 0.15 followed by individual examination of all intensity plots with manual curation of genotype calls.
Statistical Analysis
Categorical and continuous demographic, clinical, and procedural characteristics were compared between groups using Pearson 2 and Wilcoxon rank sum tests, respectively. The discovery and validation cohorts were first analyzed separately and then combined. Genetic association testing was performed using PLINK version 1.07. 11 Hardy-Weinberg equilibrium was evaluated using an exact test in survivors; 6 SNPs departed from Hardy-Weinberg equilibrium and were excluded. After application of genotype quality control criteria, a 2-stage analysis strategy was used for polymorphism selection in the discovery cohort. 12 Allelic associations with long-term mortality were first assessed univariately using 2 tests for each of the remaining 90 SNPs. The association tests were performed using additive (homozygote major allele versus heterozygote versus homozygote minor allele), dominant (homozygote major allele versus heterozygote plus homozygote minor allele), and recessive (homozygote minor allele versus heterozygote plus homozygote major allele) models of inheritance for each polymorphism to avoid assumptions regarding inheritance modes. Because of the number of comparisons performed, familywise error rates were estimated for 90 SNP comparisons within each model by permutation. 13 Polymorphisms demonstrating significant univariate association with mortality in the discovery cohort (permutation-adjusted PϽ0.05) were further analyzed in the validation cohort. Because not every SNP tested in the discovery cohort was present on the Human610-Quad BeadChip, representative proxy SNPs in complete linkage disequilibrium (r 2 ϭ1) with discovery SNPs in the genes of interest were tested for univariate association with long-term mortality in the validation cohort using 2 tests. Bonferroni-adjusted PϽ0.05 was considered significant.
Within the discovery cohort, covariates with a 2-tailed nominal PϽ0.05 in univariate analyses were used to fit a multivariable logistic regression model of all-cause mortality. The logistic Euro-SCORE 1 was calculated for each patient to summarize preoperative and procedural factors that influence perioperative mortality. Definitions of the 17 variables comprising the EuroSCORE risk model are presented in online-only Data Supplement Table 4 . Demographic, intraoperative, and medication use variables were added to the logistic regression equation using forward stepwise variable selection guided by the Akaike information criterion. Self-reported ethnicity and year of surgery also were tested as covariates in the model. To estimate the independent prognostic utility of genetic information on 5-year all-cause mortality, SNPs univariately significant in replicated analyses were used to construct a clinicogenomic model in the discovery cohort. The predictive value of adding the SNP to the clinical model was assessed by comparing the area under the receiver operating characteristic curve (C statistic) as well as 3 global measures of model fit: the likelihood ratio test, Akaike information criterion, and Bayesian information criterion. Further, to take advantage of time-to-event information within the data set, a Cox proportional hazard model was constructed using the variables from the clinicogenomic model to estimate covariate-adjusted hazard ratios and 95% CIs associated with individual SNPs in the discovery cohort. The final clinicogenomic multivariable logistic regression and Cox proportional hazard models constructed in the discovery cohort were tested in the independent validation cohort using the same SNPs if available or proxy SNPs in complete linkage disequilibrium with the SNP of interest, as described previously.
Finally, the discovery and validation cohorts were combined to increase statistical power. The net reclassification improvement and integrated discrimination improvement were calculated to assess the models' respective abilities to classify survivors from nonsurvivors. 14, 15 Multivariate logistic regression, survival analysis, receiver operating characteristic curve generation, and reclassification analysis were conducted using R version 2.12.2 (http://www.r-project.org).
Results
Characteristics of the discovery and validation cohorts stratified by postoperative mortality are shown in Table 1 . In the discovery cohort (nϭ1018), mortality was observed in 183 (17.9%) patients. Of the 90 candidate SNPs examined, 1 demonstrated significant association with long-term mortality, namely rs1042579 within the thrombomodulin (THBD) gene, with familywise empirical P values corrected for multiple comparisons by Bonferroni testing of 0.017. In producing the clinical covariate model, multivariate analysis identified the logistic EuroSCORE as strongly associated with long-term mortality (Table 2) . Of the traditional clinical and procedural variables not included in the EuroSCORE, forward variable selection resulted in 3 additional statistically significant independent predictors of long-term mortality, namely diabetes, ␤-blocker use, and statin use at hospital discharge. Specifically, intraoperative aprotinin use was not significant in multivariable analyses. Self-reported ethnicity was not significant in either univariate or multivariate analyses (Pϭ0.74). After adjusting for demographic, clinical, and procedural predictors of mortality, the THBD rs1042579 (in recessive inheritance model) remained significant, with an hazard ratio of 2.26 (95% CI, 1.31 to 3.92). Addition of rs1042579 genotype status to the clinical logistic regression model improved the area under the receiver operating characteristic curve from 0.747 to 0.754 and improved the predictive value as assessed with 3 global measures of model fit ( Table 2) . Of note, none of the variables tested were significantly different by THBD genotype. Specifically, the meanϮSD number of grafts was 2.9Ϯ0.9 in homozygote TT patients versus 3.1Ϯ0.9 in the other patients (Pϭ0.16), suggesting that the observed association with mortality is independent of the extent of surgical revascularization.
In the validation cohort (nϭ930), mortality was observed in 99 (10.6%) patients. Six tagging SNPs were genotyped in the THBD gene (online-only Data Supplement Table 2 ). Univariate association testing in the validation cohort revealed the THBD rs3176123 SNP in a recessive inheritance model to be significantly associated with long-term mortality (Bonferroni-adjusted PϽ0.01). When included in the Cox proportional hazard clinical model developed in the discovery cohort, THBD rs3176123 remained significant, with an hazard ratio of 3.6 (95% CI, 1.67 to 7.78). Addition of rs3176123 to the clinical logistic regression model improved the area under the receiver operating characteristic curve from 0.703 to 0.732 as well as the 3 global measures of model fit (Table   2 ). Importantly, the 2 THBD variants rs1042579 (in the discovery cohort) and rs3176123 (in the validation cohort) are known to be in complete linkage disequilibrium (onlineonly Data Supplement Figures 1 and 2) ; therefore, genotype information at these loci may be used interchangeably. Survival curves for both the discovery and the validation cohort analyses are presented in the Figure. The discovery and validation cohorts were combined for the multivariate analyses, and baseline demographics of the combined cohort can be seen in online-only Data Supplement Table 5 along with univariate associations with long-term mortality. There were 282 (14.4%) deaths in the combined cohort during the follow-up period. Global measures of model fit and discrimination for the combined cohort are presented in online-only Data Supplement Table 6 . The resulting covariate-adjusted hazard ratio for patients homozygous for the recessive THBD genotype was 2.43 (95% CI, 1.57 to 3.74). The C statistic for the final clinicogenomic model was 0.74 compared with 0.725 for the clinical covariate model, suggesting a slight improvement in discriminatory accuracy (online-only Data Supplement Figure 3 , online-only Data Supplement Table 6 ). Furthermore, the ability of the full genomic model to classify patients at risk improved significantly with a net reclassification improvement of 0.194 (Pϭ0.005) and an integrated discrimination improvement of 0.022 (Pϭ0.01) compared with the clinical covariate model. The predictive values of adding the THBD single-nucleotide polymorphism rs1045279 or rs3176123 recessive genotypes (2 copies of the minor allele) to the baseline clinical models of all-cause mortality are shown in the discovery and validation cohorts, respectively. AIC and BIC reward the model for covariates that contribute significantly, whereas they penalize for each additional variable (lower numbers signify better model fit). AIC indicates Akaike information criterion; BIC, Bayes information criterion; HR, hazard ratio; LLR, log likelihood ratio; N/A, not available. Other abbreviations as in Table 1 .
*P values are expressed using the Wald test. †Value based on clinical multivariable model only. ‡Value based on combined clinicogenetic model.
We then examined the reclassification of individual patients between risk categories by addition of the THBD genotype. After defining 3 risk categories with cohort-specific clinical model mortality risk from 0% to 5%, 6% to 13%, and Ͼ13%, we observed 96 patients correctly reclassified from the incorrect risk group to the correct risk group and 73 patients incorrectly reclassified from the correct risk group to the incorrect risk group by the addition of THBD genotype to the model for a net gain of 23 correct reclassifications.
Discussion
In a prospective longitudinal follow-up study, we found that common genetic variants in thrombomodulin are associated with long-term mortality after surgical revascularization, independent of traditional risk factors. THBD is an important endothelial anticoagulant protein that activates protein C, resulting in inactivation of factor Va and factor VIII and reduction of thrombin formation. The protein, encoded by an intronless gene, is a ubiquitous endothelial-specific type I transmembrane receptor that binds thrombin and accelerates thrombin-mediated activation of protein C. 16 In addition to its anticoagulant properties, THBD also is independently involved in antiinflammatory responses, including innate immunity and complement regulation, 17 mediated in part by activation of protein C and accelerating inactivation of complement-derived anaphylatoxins. 18 The expression of the THBD gene reflects endothelial activation and damage. 19 Low concentrations of soluble THBD, especially when present along with elevated soluble intercellular adhesion molecule 1, predispose to adverse cardiovascular events in the ambulatory population, 20, 21 which formed the basis for its inclusion among the candidate genes to be studied in the context of adverse postoperative cardiovascular outcomes.
Whether THBD gene variants act as independent risk factors for adverse cardiovascular outcomes remains unclear. Several genetic studies have implicated polymorphisms within THBD to be associated with coronary artery disease, 22 myocardial infarction, 23 and composite incident cardiovascular events in nonsurgical populations, 24 and the present findings suggest the participation of thrombomodulin in altered long-term survival of cardiac surgical patients. The 2 SNPs reported in the present discovery and validation cohort analyses (rs1042579 and rs3176123, respectively) have been previously reported in high linkage disequilibrium in subjects of European (r 2 ϭ1.0) 25 (online-only Data Supplement Figure   1 ) and Asian descent (r 2 ϭ0.93), 26 and for technical reasons, the latter was genotyped in the validation cohort because the information they provide is similar. However, we further estimated pairwise linkage disequilibrium between the 2 variants in this study using a subcohort of 421 patients genotyped at both loci (DЈϭ0.98, r 2 ϭ0.97) (online-only Data Supplement Figure 2 ). THBD rs1042579 encodes for a nonsynonymous amino acid substitution (Ala473Val) in the sixth epidermal growth factor-like domain of the gene, a region responsible for thrombin binding and activation of protein C. THBD rs3176123 is located in the 3Ј-untranslated region of the gene and may affect mRNA stability. Both have been associated previously with plasma-soluble thrombomodulin levels, 25 suggesting that they are functionally important. Recent reports suggest that expression of thrombomodulin on monocytes, in addition to plasma-soluble levels, is associated with outcomes after CABG surgery. 26 Thus, future clinical utility of these findings could stem from identification of novel therapeutic targets for postoperative thromboprophylaxis based on THBD genetic variants.
Although several models have been developed to estimate mortality risk after cardiac surgery, they are limited in their ability to predict death for specific individuals. We found that the addition of genetic information resulted in significant receiver operating characteristic improvement, net reclassification improvement, and integrated discrimination improvement compared with the clinical model. All 3 measures suggest improved discriminatory ability of the model, thereby conferring more-precise information for patients and providers evaluating the risks and benefits of CABG surgery.
The major limitation of genetic association studies is the potential for false-positive findings. We have attempted to minimize this potential by analyzing a relatively large population of patients in a prospective cohort design, thereby reducing the selection bias encountered in case-control genetic association studies. By selecting a limited subset of biologically relevant candidate genes, we were able to reduce the number of comparisons made during the first stage of analysis. We then repeated the analyses in an independent validation cohort to further minimize the likelihood of falsepositive findings. Only SNPs from genes that were significantly associated with mortality in both the discovery and the validation cohorts were incorporated into the final combined analysis. Taking advantage of the known local linkage disequilibrium structure in the THBD gene, we genotyped Long-term survival by thrombomodulin THBD genotype in discovery and validation cohorts after adjustment for clinical covariates in Cox proportional hazards models (baseline European System for Cardiac Operative Risk Evaluation score, cardiopulmonary bypass duration, diabetes, number of grafts, and ␤-blocker and statin use at hospital discharge). Shown are survival curves depending on the number of copies of risk alleles in rs1042579 or rs3176123 (2 copies versus 1 or 0 copies) in the 2 cohorts, respectively.
rs3176123 as a proxy for rs1042579 and used it in validating the risk prediction model for all-cause mortality. However, although the 2 variants are tightly linked, their correlation is not perfect (10% of the homozygous rs1042579 TT genotype may be the rs3176123 AC genotype) (online-only Data Supplement Figure 2 ). Although this suggests that using the 2 variants interchangeably in the recessive model is not error free, it is unlikely that it would significantly confound the test statistics reported here. Previous studies suggest that the observed SNPs are putatively functional based on location within the gene and altered plasma thrombomodulin levels; we did not, however, conduct functional studies to further elucidate the potential biological effects of the SNPs analyzed. Specifically, we did not characterize the association between THBD variants and incidence of vein graft failure in this cohort. Finally, we found no race effect during multivariable regression modeling, and genomic control analysis found no evidence of population stratification within this data set.
In conclusion, genetic variants in thrombomodulin are independently associated with an increased risk of long-term all-cause mortality after surgical coronary revascularization, improving the predictive ability of the EuroSCORE. Although these findings lack immediate clinical utility, they delineate a potentially important genetic role in the etiology of adverse postoperative outcomes. Further research into understanding how genetic variation affects postoperative outcomes may inform antithrombotic therapies and postoperative surveillance or lead to other novel approaches to improving care in cardiac surgical patients.
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